In gram-positive bacteria, HPr, a protein of the phosphoenolpyruvate:sugar phosphotransferase system, is phosphorylated on a serine residue at position 46 by an ATP-dependent protein kinase. The HPr(Ser) kinase of Streptococcus salivarius ATCC 25975 was purified, and the encoding gene (hprK) was cloned by using a nucleotide probe designed from the N-terminal amino acid sequence. The predicted amino acid sequence of the S. salivarius enzyme showed 45% identity with the Bacillus subtilis enzyme, the conserved residues being located mainly in the C-terminal half of the protein. The predicted hprK gene product has a molecular mass of 34,440 Da and a pI of 5.6. These values agree well with those found experimentally by polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate, molecular sieve chromatography in the presence of guanidine hydrochloride, and chromatofocusing using the purified protein. Streptococci have a major impact on a wide variety of human activities in their roles as adjuncts in food production (30), pathogens (38), and probiotic agents (17). These lactic acid bacteria are nutritionally very demanding and obtain their energy mainly by oxidizing sugars that are taken up, in several cases, by the phosphoenolpyruvate:sugar phosphotransferase system (PTS). This multienzymatic system, composed of the general energy-coupling proteins enzyme I (EI) and HPr and the multidomain sugar-specific proteins called EII, catalyzes the transport and phosphorylation of mono-and disaccharides and also plays a key role in the control of sugar metabolism by regulating the expression of catabolic genes, modulating the activity of key metabolic enzymes, and controlling the activity of sugar transport systems (20, 32, 33, 36) . The regulatory functions of the PTS in gram-positive bacteria are associated with a posttranslational modified form of HPr, HPr(Ser-P) generated by phosphorylation of the protein at a serine residue at position 46 by an ATP-dependent HPr kinase (4, 10, 22, 25, 37, 43) . The HPr(Ser) kinases of several organisms, including Bacillus subtilis and Enterococcus faecalis, are activated by cellular metabolites-the most potent being FDP-cellular concentrations of which vary in response to environmental conditions (22, 37, 43). These HPr kinase-activating metabolites are thus cellular indicators of external energy or carbon availability and are the first elements of a teleonomic transmission signal pathway that enables the cell to modify its physiology when faced with changes in the external milieu in order to ensure optimal growth.
Streptococci have a major impact on a wide variety of human activities in their roles as adjuncts in food production (30) , pathogens (38) , and probiotic agents (17) . These lactic acid bacteria are nutritionally very demanding and obtain their energy mainly by oxidizing sugars that are taken up, in several cases, by the phosphoenolpyruvate:sugar phosphotransferase system (PTS). This multienzymatic system, composed of the general energy-coupling proteins enzyme I (EI) and HPr and the multidomain sugar-specific proteins called EII, catalyzes the transport and phosphorylation of mono-and disaccharides and also plays a key role in the control of sugar metabolism by regulating the expression of catabolic genes, modulating the activity of key metabolic enzymes, and controlling the activity of sugar transport systems (20, 32, 33, 36) . The regulatory functions of the PTS in gram-positive bacteria are associated with a posttranslational modified form of HPr, HPr(Ser-P) generated by phosphorylation of the protein at a serine residue at position 46 by an ATP-dependent HPr kinase (4, 10, 22, 25, 37, 43) . The HPr(Ser) kinases of several organisms, including Bacillus subtilis and Enterococcus faecalis, are activated by cellular metabolites-the most potent being FDP-cellular concentrations of which vary in response to environmental conditions (22, 37, 43) . These HPr kinase-activating metabolites are thus cellular indicators of external energy or carbon availability and are the first elements of a teleonomic transmission signal pathway that enables the cell to modify its physiology when faced with changes in the external milieu in order to ensure optimal growth.
The regulatory functions of HPr(Ser-P) in gram-positive bacteria include control of sugar permeases (47, 48) and regulation of gene transcription (4, 7, 27, 31) . The latter function is accomplished in conjunction with a DNA binding protein called CcpA that recognizes a specific DNA sequence called CRE (catabolite-responsive element) located in the promoter regions of target operons. The association of CcpA with a number of CRE sequences is promoted by HPr(Ser-P) (6, 10, 18) and results in the activation or inhibition of gene transcription, depending on whether the CRE sequence is located upstream or downstream from the promoter sequence (23) .
Although no direct evidence for the involvement of HPr(Ser-P) in the regulation of sugar transport or gene transcription in oral streptococci has been provided, the fact that these bacteria produce HPr(Ser-P) (44) and possess a CcpAlike (28) protein and CRE sequences (23) suggests that HPr(Ser-P)-dependent regulatory mechanisms described for other gram-positive bacteria such as bacillus and lactobacilli also occur in oral streptococci. Recently, a study was conducted with a mutant of Streptococcus salivarius harboring a mutation in the ptsH gene that replaces the isoleucine at position 47 by a threonine. The results established the involvement of HPr in the control of gene expression in this organism and showed that the preferential metabolism of PTS sugars over non-PTS sugars by streptococci is dependent on HPr (15) . However, the role of CcpA in catabolite repression in streptococci remains equivocal. Simpson and Russell (41) recently identified in Streptococcus mutans a gene called regM that showed 53% identity with ccpA from B. subtilis. Inactivation of regM did not abolish diauxic growth in S. mutans and did not relieve catabolite repression of ␣-galactosidase, mannitol-1-P dehydrogenase, or P-␤-galactosidase. In contrast, glucose caused a more severe repression of these enzymes in a regMminus background.
Here we report the purification and characterization of the ATP-dependent HPr(Ser) kinase of S. salivarius ATCC 25975. Using a nucleotide probe designed from the N-terminal amino acid sequence, we cloned and sequenced the gene coding for and unbroken cells were sedimented at 20,000 ϫ g for 20 min. The supernatant was collected, and membrane fragments were sedimented at 145,000 ϫ g for 16 to 18 h. All enzyme activity was associated with the membranes, which were homogenized in 50 mM Tris-HCl (pH 7.5) and left at 4°C for 2 h. The solution was then centrifuged at 150,000 ϫ g for 4 h. The supernatant (323 ml, 1.63 g of protein), containing 50% of the HPr(Ser) kinase activity, was separated into three fractions that were manipulated identically but separately. The supernatant was applied to a Hiload Q-Sepharose 16/10 (Fast Flow) column equilibrated with 20 mM Tris-HCl (pH 7.5). The column was washed with 50 ml of equilibration buffer. The proteins were eluted with a 0 to 0.5 M KCl gradient (500 ml) at a flow rate of 2.5 ml/min, and 5-ml fractions were collected. HPr(Ser) kinase eluted at approximately 0.3 M KCl. Active fractions were pooled, concentrated by ultrafiltration in an Amicon cell with a YM3 membrane (M r cutoff ϭ 3,000), and dialyzed against 2 liters of 20 mM Tris-acetate (pH 5.0) for 16 h. The dialyzed solution was centrifuged at 12,000 ϫ g for 20 min to collect the insoluble material, which contained 97 to 99% of the HPr(Ser) kinase activity. The pellet was solubilized in 2 ml of 20 mM Tris-HCl (pH 7.5) containing 0.1 M KCl (TK buffer) and loaded on a Sephacryl S200 HR column (2.6 by 64 cm) equilibrated with TK buffer. The column was eluted with 400 ml of the same buffer at 1 ml/min, and 2-ml fractions were collected. The fractions containing activity were pooled, diluted twofold with TK buffer, and concentrated to approximately 1 ml on a Mono Q anion-exchange column. A Superdex 75 HR column equilibrated with TK buffer was loaded with 200-l fractions. The column was eluted with 25 ml of buffer TK at 0.5 ml/min, and 0.5-ml fractions were collected. The HPr(Ser) kinase obtained at this step was used for enzyme characterization.
The following procedure was used to obtain HPr(Ser) kinase suitably pure for N-terminal amino acid sequence determination. Five milliliters of partially purified HPr(Ser) kinase obtained following chromatography on Superdex 75 HR was mixed with trichloroacetic acid to give a final acid concentration of 10%. The solution was left on ice for 45 min to permit protein precipitation. The mixture was then centrifuged at 10,000 ϫ g for 5 min, and the pellet was washed twice with 0.1 ml of cold acetone. The pellet was dissolved in 50 l of buffer containing 62.6 mM Tris-HCl (pH 6.8), 2% SDS, 5% 2-mercaptoethanol, and 10% glycerol. The sample was heated at 100°C for 3 min, then loaded onto a 10% polyacrylamide gel, and subjected to SDS-PAGE using currents of 15 and 25 mA/gel during migration in the stacking and resolving gels, respectively. The proteins were then electrophoretically transferred to a polyvinylidene difluoride membrane (0.45-m pore size), using 10 mM CAPS (3-[cyclohexylamino]-1-propanesulfonic acid) buffer (pH 11.0) at 55 V for 80 min. The membrane was stained for 5 min with Coomassie blue (0.1% in 50% methanol) and destained for 15 min in a solution of 50% methanol and 10% acetic acid. The portion of the membrane containing the HPr(Ser) kinase was excised and used for amino acid sequencing.
The recombinant S. salivarius HPr(Ser) kinase was purified from crude extracts of E. coli One Shot TOP10[pHPK229]. Cells were cultured at 37°C with aeration in 400 ml of LB medium containing 50 g of kanamycin per ml, harvested by centrifugation when the optical density at 600 nm reached 0.65, and washed twice with 100 ml of 50 mM Tris-HCl, pH 7.5 (TH50 buffer). Cells were then suspended in 10 ml of TH50 buffer containing 0.1 mM PMSF, 0.1 M leupeptin, and 0.1 M pepstatin and ruptured by sonication (three 15-s bursts, energy level 7) with a Heat System-Ultrasonic model W350 sonicator. The cellular extract was centrifuged at 20,000 ϫ g for 20 min at 4°C. The supernatant was collected and centrifuged at 200,000 ϫ g for 6 h. The pellet, which contained the HPr(Ser) kinase activity, was suspended in 10 ml of TH50 buffer and gently stirred for 2 h at 4°C. The mixture was then centrifuged at 130,000 ϫ g for 4 h. Identification of the phosphorylated residue. HPr (11 g) was phosphorylated with [␥-
32 P]ATP as described for determination of HPr(Ser) kinase activity. The reaction was performed at 37°C for 30 min. The proteins were then precipitated with trichloroacetic acid for 30 min at 4°C. After centrifugation, the pellet was dissolved in 6 N HCl, and the solution was incubated under vacuum for 2 h at 110°C. The acid was eliminated by evaporation, and the sample was resuspended in 20 l of water. The HPr amino acid residue phosphorylated by the purified ATP-dependent HPr kinase was identified by electrophoresis on a thin-layer cellulose plate followed by ascending chromatography as described by Duclos et al. (8) .
Molecular mass determination. The molecular mass of the HPr(Ser) kinase was determined by using the enzyme purified from S. salivarius and with the recombinant HPr(Ser) kinase purified from E. coli One Shot TOP10[pHPK229]. The molecular mass of the enzyme was also determined with E. coli One Shot TOP10[pHPK229] cellular extracts obtained using three different rupture procedures. In the first procedure, the cells were lysed in lysozyme-EDTA at pH 8.0. Bacteria from a 500-ml culture were harvested in mid-exponential growth and washed twice at 4°C with 10 mM Tris-HCl buffer (pH 8.0). After centrifugation, the pellet was resuspended in 80 ml of 30 mM Tris-HCl buffer (pH 8.0) containing 10 mM EDTA and 0.5 mg of lysozyme per ml. The solution was gently stirred at room temperature for 30 min. Then, 0.5 mg of DNase I per ml, 0.1 mM PMSF, and 10 mM MgCl 2 were added, and the solution was kept at 4°C for 1 h. Whole cells and cell debris were removed by centrifugation at 4°C (23,000 ϫ g for 1 h). The second rupture procedure also involved lysozyme, but lysis was performed at pH 10. Bacteria from a 30-ml culture were harvested in mid-exponential growth and washed twice at 4°C with 10 mM Tris-HCl buffer (pH 8.0). The cells were resuspended in 20 ml of 30 mM Tris-HCl buffer (pH 8.0) containing 10 mM EDTA, 0.5 mg of lysozyme per ml, and 20% (wt/vol) sucrose. They were left at room temperature for 30 min and then harvested by centrifugation. The pellet was resuspended in CAPS buffer (pH 10), and the solution was gently stirred at room temperature for 30 min. Whole cells and cell debris were eliminated by centrifugation at 4°C (23,000 ϫ g for 1 h). The molecular mass determination of HPr(Ser) kinase was also carried out with cellular extracts obtained from cells ruptured by ultrasonic disintegration. Cells resuspended in 100 mM Tris-acetate (pH 7.5) containing 12.5 mM NaF, 0.1 mM PMSF, 0.1 M leupeptin, and 0.1 M pepstatin were lysed by pulsed sonication (three 10-s bursts, 50% duty cycle, energy level 6) with a Heat System-Ultrasonic model W350 sonicator.
The native molecular mass was determined by molecular sieve chromatography on a Superdex 200 HR column (cross-linked agarose and dextran) operated with a Pharmacia FPLC system using a 20 mM Tris-HCl buffer (pH 7.5) containing 0.1 M or 0.3 M KCl. The column was equilibrated with seven protein markers of different molecular masses: thyroglobulin (669 kDa), apoferritin (443 kDa), amylase (200 kDa), alcohol dehydrogenase (150 kDa), transferrin, (81 kDa), ovalbumin (43 kDa), and myoglobin (17.6 kDa). Elution of the protein markers was monitored by light absorption at 280 nm, whereas elution of the HPr(Ser) kinase was determined by measurement of enzyme activity. This experiment was also performed on a Sephacryl S200 HR column (dextran crosslinked with N,NЈ-methylenebisacrylamide) and an Ultrogel AcA-34 column (acrylamide and agarose).
The molecular mass of the HPr(Ser) kinase was also estimated by molecular sieve chromatography in the presence of guanidine hydrochloride on a Superdex 200 HR column. The protein was dissolved in 50 mM Tris-HCl buffer (pH 7.5) containing 6 M guanidine hydrochloride and 5 mM dithiothreitol. The column was eluted at 0.5 ml/min, and 0.5-ml fractions were collected. The column was equilibrated with five protein markers of different molecular masses: bovine serum albumin (68 kDa), ovalbumin (43 kDa), carbonic anhydrase (29 kDa), chymotrypsinogen (25 kDa), and myoglobin (17 kDa). Elution of the protein markers was monitored by light absorption at 280 nm. HPr(Ser) kinase purified from S. salivarius was detected by SDS-PAGE after protein precipitation with 90% ethanol at Ϫ20°C, whereas recombinant HPr(Ser) kinase was detected by light absorption at 280 nm. The molecular mass of the enzyme determined by molecular sieve chromatography was calculated from the plot of the logarithm of molecular mass versus the partition coefficient (K av ) of the marker proteins.
The molecular mass of the denatured protein was also determined by disc gel electrophoresis in the presence of SDS (29) .
DNA purification and manipulations. Chromosomal DNA was isolated from S. salivarius as described previously (14) . Unless otherwise mentioned, DNA manipulations were performed by standard procedures (1) . E. coli XL-1 Blue cells were made competent and transformed with plasmid DNA by electroporation (39) . Unless otherwise mentioned, DNA fragments used for subcloning and probes were isolated from agarose gels with an Elu-Quik DNA purification kit (Schleicher & Schuell).
Cloning and sequencing of the hprK gene. Two degenerate oligonucleotides, db1 (5ЈAARCCWATYCAAGGWGCWGAYATYACYCG) and db2 (5ЈACYG TWAARATGYTIGTWGAYATYACWCG), were designed on the basis of the N-terminal amino acid sequence of the HPr(Ser) kinase. These oligonucleotides were radiolabeled with [␥-32 P]ATP and T4 polynucleotide kinase. Restriction endonuclease digests of chromosomal DNA from S. salivarius ATCC 25975 were prepared by using EcoRI, HindIII, Sau3AI, XbaI, BglII, PstI, and StyI. Southern blot analyses of the generated fragments using the aforementioned oligonucleotides as probes allowed the identification of a 2-kb HindIII DNA fragment that hybridized strongly with oligonucleotide db2. Chromosomal DNA from S. salivarius was thus digested with HindIII, the digest was separated on an agarose gel, and approximately 2-kb fragments were isolated by using a Prep-a-Gene (BioRad) kit. The DNA fragments were cloned into the pUC18 HindIII/BAP vector (Pharmacia). Ligation mixtures were used to transform E. coli XL-1 Blue by electroporation. Colony screening with oligonucleotide db2 resulted in the isolation of a clone, designated HPK20, containing the first 36 nucleotides of the 5Ј end of hprK at one end (Fig. 1) . The cloned HindIII fragment was digested with DraI to give a 475-bp DNA fragment, which was labeled with digoxigenin by random priming. DNA digested with various restriction enzymes was separated into fragments by electrophoresis. Southern blot analyses with probe HPK20-DraI/HindIII revealed the presence of a 2.9-kb StuI fragment that contained the entire hprK gene. StuI-digested DNA was separated by agarose electrophoresis, and DNA fragments of approximately 2.9 kb were recovered from the gel and cloned into the pCRblunt vector. Recombinant plasmids were used to transform E. coli One Shot TOP10 (Zeroblunt PCR cloning kit; Invitrogen) (hereafter referred to as simply E. coli TOP10). Screening with probe HPK20-DraI/HindIII resulted in the isolation of four clones possessing the entire HPr(Ser) kinase gene. Clones HPK221 and HPK229 were selected for further study (Fig. 1) .
The DNA sequences were determined on both strands by the dideoxy chain termination method of Sanger et al. (40) . The primers used for sequencing the HPK20-HindIII DNA fragment were the reverse and forward lacZ universal primers; those for sequencing the HPK221-StuI DNA fragment were the lacZ primers and three specific primers complementary to previously determined sequences: 5Ј-TATGATTGGCCCTGGTGCTA-3Ј, 5Ј-GGTAAGAGTGAAAC AGGG-3Ј, and 5Ј-CCAAGACGATCAAAGAGG-3Ј.
Computer analysis. Sequence analyses were performed with the BestFit, Pileup, Pretty, Map, and Peptidestructure programs in the Wisconsin Package software (version 9.0) of the Genetics Computer Group (16) .
RESULTS
Purification of the HPr(Ser) kinase. Purification of the HPr(Ser) kinase from E. faecalis and Streptococcus pyogenes has been reported previously (3, 35) . We thus first tried to purify the HPr(Ser) kinase from S. salivarius by using these published procedures, but without success. Results of several attempts indicated that the HPr(Ser) kinase of S. salivarius (i) was associated with the membrane, (ii) adhered readily to plastic and glass, (iii) was present in very low amounts, and (iv) did not possess a molecular mass of 65,000 Da as reported earlier (3, 35) . Taking into account these factors, we developed the purification procedure described in Materials and Methods. It was not possible to obtain a homogeneous preparation. When the enzyme solution was chromatographed on a Superdex 75 HR FPLC column, the activity was eluted as a sharp peak. By comparing the protein profile of each fractions revealed by SDS-PAGE to the activity profile, a protein with a molecular mass of 34,000 Da was shown to be the HPr(Ser) kinase. Several experiments of this type were performed, and in all cases the activity was associated with the 34-kDa protein.
Attempts to purify the enzyme to homogeneity by other chromatographic procedures (phenyl-Superose, butyl-TSK, hydroxylapatite, dye ligand chromatography, ATP-agarose, and phosphocellulose) did not result in improved purification of the enzyme. Nature of the phosphorylated residue. The phosphoryl-bond form of HPr resulting from the incubation of HPr with the purified kinase and ATP was found to be heat stable and resistant to acid treatment (not shown). These properties are characteristic of phosphoserine, phosphothreonine, and phosphotyrosine (8) . Hydrolysis of the phosphoyl-bound form with HCl followed by two-dimensional separation of the products (not shown) revealed that the phosphorylated residue was a serine, confirming that the purified protein was an HPr(Ser) kinase.
N-terminal amino acid sequence. The sequence of the first 35 N-terminal amino acids of the protein identified as the HPr(Ser) kinase was (G,M,S)V(T,C,Q)VKMLVDKLKLKVI YGNEKLLSKPIQGADITRP. At the time when these results were obtained, this sequence showed no significant similarity with proteins and translated DNAs in current databases (GenBank version 103.0, EMBL version 52.0, and Swiss-Prot version 34.0).
Sequence analysis of the gene coding for the HPr(Ser) kinase. The gene coding for the HPr(Ser) kinase (hprK) was cloned as described in Materials and Methods. hprK was located upstream of lgt, a gene coding for a putative prolipoprotein, diacylglyceryl transferase (Fig. 1) . The same gene organization was found in B. subtilis (12, 34) . The predicted hprK gene product contains 309 amino acids (Fig. 2) . Amino acids at positions 3 through 28 of the N terminus of the peptide inferred by hprK were identical to those of the N-terminal amino acid sequence determined from the purified protein. A putative ribosome binding (Shine-Dalgarno) site (CGGAGG) was identified 7 bp upstream from the hprK ATG start codon. A putative promoter region with characteristic features such as AT-rich regions and two likely Ϫ10 and Ϫ35 regions separated by 19 bp was also found. The estimated size of the translated protein was 34,440 Da, with a pI of 5.6. Sequence analysis of the deduced hprK product identified an ATP/GTP binding motif (GX 4 GKS) at residues 153 through 160, which is consistent with the function of the protein. The sequence indicated that the protein contained no cysteine. The sequence of the N-terminal end up to residue 26 was particularly remarkable as three amino acids-lysine (six residues), leucine (five residues), and valine (four residues)-account for over half of the amino acids in this region. Moreover, the 6 lysine residues in this region represent almost one-third of the total of 19 lysines in the protein, giving the N terminus region a pI of 10.7. Secondary structure prediction using the methods of Chou and Fasman (2) and Garnier and Robson (13) suggested that the N-terminal half of the protein (up to residue 150) is composed mainly of ␤ strands possessing only three small helical structures, the longest helix being composed of approximately 10 residues (positions 96 to 105). The C-terminal end is characterized by the presence of a long amphiphatic ␣ helix of approximately 25 amino acids initiated by a cluster of five helixpromoting amino acid residues (EAAAM) and possibly C capped by an asparagine (residues 276 to 300). The KyteDoolittle hydropathy profile generated with a scanning window size of nine amino acids (not shown) suggested that the HPr(Ser) kinase is a soluble protein with five major but small hydrophobic regions, most corresponding to ␤-strand regions (residues 1 to 20, 83 to 95, 135 to 151, 205 to 217, and 271 to 280).
Sequence comparison with other HPr(Ser) kinases. The B. subtilis gene coding for the HPr(Ser) kinase has recently been cloned and sequenced (12, 34) , and genes coding for HPr(Ser) kinase-like proteins have been identified in genome sequencing projects. Fig. 3 ). The penultimate amino acid of this sequence (D) is conserved in the proteins of all streptococci and of Clostridium acetobutylicum but not in the protein from B. subtilis, where it is replaced by an asparagine. Interestingly, analysis of the protein kinase signatures reported in PROSITE revealed that D is a strictly conserved active-site residue in two signature sequences of eucaryotic protein kinases that resemble the signature sequence of the HPr(Ser) kinase. The S. salivarius HPr(Ser) kinase revealed the greatest identity with the proteins from S. pneumoniae (81% identity; this sequence, however, is incomplete) and S. pyogenes (72% identity). The weakest identity was with the mycoplasma enzyme (28% identity). The percentages of similarity and identity with the HPr(Ser) kinase of B. subtilis were 57 and 45, respectively.
Expression of S. salivarius hprK in E. coli. E. coli TOP10[pHPK229] produced a 34-kDa component not found in E. coli TOP10 or E. coli TOP10 transformed with a plasmid in which an S. salivarius DNA fragment that did not contain hprK was cloned (strain E. coli TOP10[pHPK224]) (not shown). Determination of HPr(Ser) kinase activity revealed that the cellular extract of E. coli TOP10[pHPK229] was able to phosphorylate purified S. salivarius HPr at the expense of ATP, whereas cellular extracts prepared from cells without plasmids or transformed with pHPK224 had no activity (not shown). To determine where the enzyme is located in recombinant E. coli, we ultracentrifuged a crude cellular extract from E. coli TOP10[pHPK229] to separate soluble proteins from membrane fragments and membrane-associated proteins. The pellet was suspended in 10 ml of TH50 buffer and gently stirred for 2 h at 4°C. The mixture was then centrifuged at 130,000 ϫ g for 4 h to separate proteins that were loosely associated with the membrane from membrane fragments. Determination of HPr(Ser) kinase activity indicated that most of the enzyme remained associated with the membrane after the first ultracentrifugation and was partially (approximately 50%) released following incubation of the membranes in TH50 buffer (not shown). Consistent with these results, Coomassie blue-stained SDS-polyacrylamide gels showed that the 34-kDa component was not found in the cytoplasmic fraction (Fig. 4, lane B) but was present in the supernatant of the second ultracentrifugation and in the membrane fraction (lanes C and D) . The use of different procedures to rupture the cells (alumina grinding and osmotic lysis) as well as treatment of the crude cellular extract with DNase I gave similar results (not shown). The recombinant HPr(Ser) kinase could be purified to near homogeneity by chromatography on a Mono Q HR 5/5 column followed by a Superdex 200 HR column. A yield of approximately 2 mg of purified protein, with a purity of approximately 98%, was obtained from a 400-ml culture of uninduced cells (without isopropyl-␤-D-thiogalactopyranoside). The identity of the purified HPr(Ser) kinase was confirmed by measuring its ability to phosphorylate HPr at the expense of ATP.
Estimation of pI and molecular mass. The pI of the native enzyme as estimated by chromatofocusing was 5.6 (not shown), identical to the pI calculated from the amino acid sequence. As mentioned, the HPr(Ser) kinase in its reduced state migrated on SDS-PAGE as a protein with a molecular mass of 34,000 Da. Molecular sieve chromatography of the enzyme purified from S. salivarius and of the recombinant protein in the presence of guanidine hydrochloride gave the same result (not shown).
Molecular sieve chromatography of the native protein was performed as described in Materials and Methods. The experiment was conducted with the enzyme purified from S. saliva- rius, with the recombinant kinase purified from E. coli, and with cellular extracts prepared from E. coli TOP10[pHPK221] ruptured by sonication or treatment with lysosyme at two different pHs. An experiment was also carried out with the purified recombinant enzyme in the presence of 0.3 M KCl. In all cases, the activity eluted from the Superdex 200 HR column as a sharp peak at a position corresponding to a protein with a molecular mass of approximately 330,000 Da (not shown). Examination of the elution profile revealed that the width of the peak corresponding to the HPr(Ser) kinase was similar to the width of the peaks generated by the marker proteins, suggesting that the HPr(Ser) kinase did not form a heterogeneous population of oligomers resulting from nonspecific aggregation in solution. On the other columns tested (Sephacryl S200 HR and Ultragel AcA-34), the activity eluted at a position close to the void volume, corresponding to a protein with a molecular mass larger than 250,000 Da.
Enzymatic properties of the HPr(Ser) kinase purified from S. salivarius. The enzyme was active over a pH range of 5.5 to 9.5, with a maximum at pH 7.5 and midpoints at pH 6.5 and 8.7 (not shown). At pH 5.5, the enzyme exhibited less than 15% of its optimal activity. We evaluated the pH stability of the en- zyme by incubating the HPr(Ser) kinase at different pHs for 30, 60, and 90 min prior to measuring its activity. Stability was optimum at pH 8.0, decreasing two-to threefold at pH 7.0 and below and at pH 9.0 and above (not shown). The presence of a divalent cation is essential for the activity of the HPr(Ser) kinase of S. salivarius. Activity was observed in the presence of Mg 2ϩ , Mn 2ϩ , and Co 2ϩ but not in the presence of Ca 2ϩ and Cu 2ϩ (not shown). Magnesium was the preferred cation and gave maximum activity at a concentration of 2 mM in the presence of 1 mM ATP. The effects of several cellular metabolites on the activity of the HPr(Ser) kinase were investigated. The following intermediates, tested at concentrations found in growing streptococcal cells (24) , had no effect: 0.5 mM glucose-6-phosphate, 0.05 mM fructose-6-phosphate, 1 mM dihydroxyacetone phosphate, 0.2 mM glyceraldehyde phosphate, 0.25 mM 2-phosphoglycerate, 0.5 mM phosphoenolpyruvate, 1 mM pyruvate, 0.1 mM NADH, 1 mM NADϩ, and 0.5 mM ADP. 3-Phosphoglycerate at a concentration of 2.0 mM and 2,3-diphosphoglycerate at a concentration of 5 mM reduced the activity of the HPr(Ser) kinase by approximately 50%. The effect of FDP was investigated in more detail, as this intermediate has been reported to stimulate the activity of the HPr(Ser) kinases of other gram-positive bacteria (3, 34, 35) . Figure 5A illustrates the effect of FDP on the activity of the S. salivarius HPr(Ser) kinase. As can be seen, FDP at concentrations up to 20 mM had virtually no effect on activity. These experiments were conducted with 0.15 ng of HPr(Ser) kinase in the reaction mixtures. To test whether the effect of FDP was dependent on enzyme concentration, we performed experiments in the presence of 5 mM FDP with increased amounts of enzyme in the reaction mixtures (5 and 10 ng). In no case was FDP found to activate de HPr(Ser) kinase (not shown). P i , on the other hand, was found to be a strong inhibitor (Fig. 5B) .
The Michaelis-Menten constant of the kinase for HPr and ATP was determined. Figure 6A shows the results obtained when the reciprocal of the initial velocity of HPr(Ser-P) formation was plotted as of function of the reciprocal of ATP concentration for various HPr concentrations. A family of straight lines with different slopes, characteristic of a ternary complex mechanism, was obtained. By plotting the intercept of each curve as a function of the reciprocal of HPr concentration (Fig. 6B) , we found a K m for HPr of 31 M. Using the same approach, we found a K m of approximately 1 mM for ATP. The addition of FDP at different concentrations did not modify the affinity of the enzyme for its substrates (not shown).
DISCUSSION
We have reported in this communication the purification and characterization of the HPr(Ser) kinase as well as the cloning of the encoding gene, hprK. Sequence comparison of translated S. salivarius hprK demonstrated that the amino acid sequence of the HPr(Ser) kinase was highly conserved among streptococci. The similarity with proteins from other grampositive bacteria was, however, lower. Interestingly, we observed that the C-terminal half of the protein contained more conserved residues than the N-terminal region. This dichotomous distribution of conserved amino acids suggests that the C-terminal portion of the HPr(Ser) kinase is vital for the phosphorylation of HPr at the expense of ATP, whereas the Nterminal region would be less important in catalytic functions. The sequence of the N-terminal region may have diverged during evolution, conferring on the enzyme idiosyncratic properties that are compatible with the physiology of species living in different ecological habitats. In S. salivarius, the N-terminal end of the HPr(Ser) kinase contains a high proportion of lysine, giving the amino-terminal end of the protein a basic isoelectric point. It seems likely that the high positive charge of the N terminus is involved in the attachment of the HPr(Ser) kinase to the inner surface of the cytoplasmic membrane by electrostatic interaction with negatively charged groups. This hypothesis is consistent with the observation that the HPr(Ser) kinase remained attached to the membrane after cell lysis and centrifugation of cellular extracts from S. salivarius and recombinant E. coli.
The molecular mass of the S. salivarius HPr(Ser) kinase calculated from the deduced amino acid sequence was 34,440 Da, a value consistent with the molecular mass determined under denaturing conditions either by SDS-PAGE or by gel filtration in the presence of guanidine hydrochoride (34,000 Da). The molecular mass of the denatured S. salivarius protein is similar to that of the B. subtilis HPr(Ser) kinase calculated from the nucleotide sequence of the encoding gene (34, 668 Da) (12, 34) or determined by mass ion spray spectrometry (34,529 and 35,313 Da) (34) . Determination of the molecular mass by gel filtration chromatography under nondenaturing conditions indicated that the size of the native protein was approximately 330,000 Da, suggesting that the enzyme is a decamer. Several results support the conclusion that this result was not the consequence of protein aggregation or nonspecific interactions between the HPr(Ser) kinase and the chromatographic support: (i) the activity was eluted from the column as a single sharp peak in a very reproducible manner; (ii) using 0.3 M KCl in the elution buffer did not change the elution pattern of the enzyme; (iii) the migration was not affected by the chemical composition of the chromatographic support; and (iv) the activity was eluted at the same position whether the experiment was carried out with a crude cellular extract, a partially purified enzyme, or a purified recombinant protein.
Whether the decameric structure is required for activity remains to be determined.
Kinetic analyses of HPr phosphorylation by the HPr(Ser) kinase indicated that the process occurs via sequential reactions rather than a ping-pong mechanism. This finding is consistent with the observation that no phosphorylated derivative of the enzyme was observed. The Michaelis-Menten constant of the S. salivarius HPr(Ser) kinase for HPr was estimated at 31 M, which is comparable to the value found for the S. pyogenes enzyme (35) but twofold lower than the K m reported for the B. subtilis enzyme (34) . As the cellular concentration of HPr in S. salivarius is approximately 1 mM (15), it seems clear that the rate of HPr(Ser-P) synthesis in the cell is not limited by HPr concentration. On the other hand, the affinity of the enzyme for ATP was estimated as 1 mM. The concentration of ATP in actively growing streptococcal cells is approximately 4 mM and may drop to as low as 0.2 mM in starved cells (11) . It is thus likely that the amount of cellular ATP is a rate-limiting factor for the phosphorylation of HPr at Ser 46 . The HPr kinase activity and stability decreased rapidly under acidic conditions. These properties are of importance considering the fact that oral streptococci are unable to maintain an intracellular pH above 7.0 in response to external acidic conditions (21, 26) . Thus, acidification of the external milieu caused by sugar fermentation may modify the intracellular concentration of HPr(Ser-P) if the organic acids produced are not rapidly neutralized.
The activity of the S. salivarius HPr(Ser) kinase was not activated by FDP or any other glycolytic intermediates as opposed to the HPr(Ser) kinases of other gram-positive bacteria. Moreover, the presence of FDP had no effect on the affinity of the enzyme for its substrates. These results suggest that the intracellular levels of HPr(Ser-P) in oral streptococci are independent of FDP levels. Nonetheless, the relative proportions of the different forms of HPr vary in the cell with respect to growth conditions, HPr(Ser-P) and HPr(Ser-P)(HisϳP) being the predominant forms in rapidly growing cells, while slowly growing or stationary-phase cells contain mostly free HPr and HPr(HisϳP) (42, 44) . We have observed that P i is a strong inhibitor of S. salivarius HPr(Ser) kinase. Other studies have indicated that P i activates HPr(Ser-P) phosphatase (5) . Taking into account the effect of ATP on the rate of HPr phosphorylation as discussed above, it is proposed that the intracellular concentrations of the different forms of HPr in oral streptococci are governed by the relative cellular concentrations of ATP and P i , which are indicators of the energy status of the cells.
